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Abstract—This paper summarizes the present state and future directions of applying finite-difference and
finite-volume time-domain techniques for Maxwell’s equations on supercomputers to model complex
electromagnetic wave interactions with structures. Applications so far have been dominated by radar
- cross-section technology, but by no means are limited to this area. In fact, the gains we have made place
us on the threshold of being able to make tremendous contributions to non-defense electronics and optical
technology. Some of the most interesting research in these commercial areas is summarized.

1. INTRODUCTION

Defense requirements for aerospace vehicles having
low radar cross-section (RCS) have driven the devel-
opment of large-scale methods in computational
electromagnetics. We have an anomaly that the effec-
tiveness and cost of such state-of-the-art systems
depends upon our ability to develop engineering
understanding of century-old basic science,
Maxwell’s equations (ca 1870). Recently, direct
space-grid time-domain Maxwell’s solvers have been
the subject of intense interest for this application,
challenging previously dominant frequency-domain
integral equation approaches.

This paper summarizes the history, present state,
and possible future of applying space-grid time-
domain techniques for Maxwell’s equations to model
complex electromagnetic - wave interactions.
teratflop-class supercomputers permit structures of
amazing complexity and size to be modeled, the
old/new theme of Maxwell’s equations/RCS design
will be seen to recur in areas that cut a wide swath
torough the core of electrical engineering. We will
consider: |

e The state of the full-matrix method of moments.

e The history of space-grid time-domain tech-
niques for Maxwell’s equations.

e The state of existing algorithms and meshes:
basis, primary types, predictive dynamic range.

e Scaling to problems of >10° field unknowns.

e Future defense electromagnetics needs: 70 dB
dynamic range; modeling of complex and
composite materials; optimization of materials
and shapes for RCS; integrated RCS and aero-
dynamics design and optimization; target
identification. |

e Future dual-use electromagnetics needs: antenna
design; microwave and millimeter wave inte-

As -

grated circuits; bio-clectromagnetic systems;
high-speed interconnects and packaging for elec-
tronic digital circuits; incorporation of models
of active devices; all-optical devices, including -
femtosecond switches and logic gates.

Overall, advances in supercomputing solutions of
Maxwell’s equations based on their direct time
integration on space grids place us on the threshold
of being able to make large contributions to dual-use
electronics and optical technology as well as RCS
technology. In fact, I claim that solving Maxwell’s
equations at ultra-large scales will permit us to design
devices having working bandwidths literally from
d.c. to light.

2. THE STATE OF THE FULL-MATRIX
METHOD OF MOMENTS

'The modeling of engineering systems involving EM
wave interactions has been dominated by frequency-

domain integral equation techniques and high-

frequency asymptotics. This is evidenced by the
almost universal use of the method of moments
(MoM)'? to provide a rigorous boundary value
analysis of structures and the geometrical theory of
diffraction (GTD)* to provide an approximate
analysis valid in the high-frequency limit. However,
a number of important contemporary problems in
EM wave engineering are not adequately treated by
such models. Complexities of structure shape and
material composition confound the GTD analysts;
and structures of even moderate electrical size
(spanning five or more wavelengths in three dimen-
sions) present very difficult computer resource scaling
problems for MoM.

The latter problem is particularly serious since
MoM has provided virtually the only means

~of dealing with the non-metallic materials now
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commonly used in aerospace design. Consider the
following: |

Define d,,, as the characteristic span of a flat-
configured target and 4, as the wavelength of the
impinging radar beam such that the electrical
surface area of the target (in square wavelengths) 1s
2(dpen/o)’. Assume a standard triangular surface
patching implementation of the electric field integral
equation with the surface area of the target dis-
cretized at R divisions per A,. Then, the number of
triangular surface patches is given by 4R*(d.0/40)%
and N, the number of field unknowns, is given by
6R*(dgpan/A0)’. In fact, N is the order of the MoM
system matrix. With R usually taken as 10 or greater
to properly sample the induced electric current distri-
bution on the target surface, we see that N rises above
10,000 for d,,,, greater than 41, Further, we see
that N increases quadratically as A, drops (radar
frequency increases) and the computational burden
for LU decomposition increases as the sixth power of
frequency (order of N°).

Let us see what this means i1n terms of program
running time for the recently introduced CRAY
C-90 supercomputer. First, assume that d,,, 1s on
the order of 10 m, perhaps typical of a jet fighter.
N rises above 40,000 at a radar frequency of 240 MHz
and the CRAY C-90 running time is projected to be
less than 3 h, based upon much experience with the
CRAY Y-MP/8 machine.” Up an octave to 480 MHz,
N increases to 160,000 and the C-90 running time
projects to be 8 days, a 64-fold (2°) increase. Up
still another octave to 960 MHz, N increases to
640,000 and the C-90 running time projects to be
1 year, 5 months. The latter assumes that: (a) we
have enough disk drives to store the trillion-word
MoM matrix; (b) we find acceptable the error
accumulation resulting from the million-trillion
floating-point operations on MoM matrix elements
having precisions of only perhaps 1 part in 10,000,
and. (c) the computer system stays up continuously
for over 1 year.

It is quite clear that the traditional, full-matrix
MoM computational modeling of an entire acrospace
structure such as a fighter plane is at present imprac-
tical at radar frequencies much above 500 MHz,
despite advances in supercomputer hardware and
software. However, radar frequencies of interest go
much higher than 500 MHz, in fact up to 10 GHz
or more. Much research effort has been expended
in deriving alternative iterative frequency-domain
approaches (conjugate gradient, spectral, etc.) that
preserve the rigorous boundary-integral formulation
of MoM while realizing dimensionally reduced com-

putational burdens. These would permit, in principle,

entire aircraft modeling at radar frequencies well
above 500 MHz. However, these alternatives may
not be as robust as the full-matrix MoM, that
is, providing results of engineering value for a wide
class of structures without the user wondering 1f the
algorithm is converged.

3. HISTORY OF SPACE-GRID TIME-DOMAIN TECHNIQUES
FOR MAXWELL’S EQUATIONS

The problems involved in applying frequency-
domain, dense-matrix MoM technology to large-
scale RCS modeling have prompted a rapid recent

‘expansion of interest in an alternative class of non-

matrix approaches: direct space-grid time-domain
solvers for Maxwell’s time-dependent curl equations.
The new approaches appear to be as robust and
accurate as MoM, but have dimensionally-reduced
computational burdens to the point where whole-
aircraft modeling for RCS is becoming possible at
frequencies above 1 GHz. They are analogous to
existing mesh-based solutions of fluid-flow problems
in that the numerical model is based upon a direct,
time-domain solution of the governing partial difier-
ential equation. Yet, they are very non-traditional
approaches to CEM for engineering applications,

‘where frequency-domain methods (primarily MoM)

have dominated.

Table 1 summarizes key developments and publi-
cations in the history of direct space-grid time- -
domain solvers for Maxwell’s time-dependent curl
equations. As can be seen, both the pace and range
of applications of FD-TD and other time-domain
grid-based models of Maxwell’s equations are ex-
panding rapidly. These efficient volumetric solutions
in the time domain are making possible applications
in areas far beyond those of the method of moments.
In this regard, this paper seeks to explore selected
areas of high promise.

4. STATE OF EXISTING ALGORITHMS AND MESHES

4.1. Basis

FD-TD and FV-TD are direct solution methods
for Maxwell’s equations. They employ no potentials.
Rather, they are based upon volumetric sampling of
the unknown near-field distribution (E and H ficlds)
within and surrounding the structure of interest, and
over a period of time. The sampling in space i1s at a
sub-wavelength (sub-4,) resolution set by the user to
properly sample (in the Nyquist sense) the highest
near-field spatial frequencies thought to be important
in the physics of the problem. Typically, 10-20
samples per illumination wavelength are needed. The
sampling in time is selected to insure numerical
stability of the algorithm. |

Overall, FD-TD and FV-TD are marching-in-time
procedures which simulate the continuous actual EM

. waves by sampled-data numerical analogs propagat-

ing in a computer data space. Time-stepping con-
tinues as the numerical wave analogs propagate in
the space grid to causally connect the physics of all
regions of the target. All outgoing scattered wave
analogs ideally propagate through the lattice trunca-
tion planes with negligible reflection to exit the
region. Phenomena such as induction of surface
currents, scattering and multiple scattering, aperture
penetration and cavity excitation are modeled time
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Table 1. Partial history of space-grid time-domain techniques for Maxwell’s equations

1966 Yee® described the basis of the first space-grid time-domain technique, later called the finite-difference

time-domain (FD-TD) method. FD-TD implements the spatial derivatives of the curl operators using
finite differences in regular interleaved (dual) Cartesian space meshes for the electric and magnetic fields.
Simple leapfrog time integration is employed

Taflove and Brodwin published the correct numerical stability criterion for Yee’s algorithm and the first
grid-based time-integration of a two-dimensional EM scattering problem all the way to the sinusoidal
steady state,” as well as the first three-dimensional grid-based computational model of EM wave
absorption in complex, inhomogeneous biological tissues®

Holland” and Kunz and Lee!® applied the Yee algorithm to electromagnetic pulse (EMP) interaction
problems

Taflove coined the term “FD-TD” and publlshed the first validated FD-TD models of EM wave
penetration of a three-dimensional metal cavity'!

Mur published an accurate and numerically stable second-order radiation boundary condltlon for the Yee
grid!? -

Umashankar and Tafiove published the first FD-TD EM wave scattering models computing near fields,
far fields and RCS for two-dimensional structures!® and three-dimensional structures'*

Kriegsmann and coworkers introduced modern radiation boundary condition theory to the engineering
EM community!>!

Sullivan, Gandhi, Taflove and coworkers commenced publishing a series of articles applying FD-TD
to model EM wave interactions, especially hyperthermia, with complex three-dimensional models of
humans!'’—°

Taflove, Umashankar and coworkers introduced contour-path subcell techniques to permit FD-TD
modeling of EM wave couphng to thin wires and wire bundles,?! EM wave penetratlon through cracks
in conducting screens®* and conformal surface treatments of curved structures®

Fintte-element time-domain (FE-TD), body-fitted finite-volume time-domain (FV-TD) and unstructured
or partially unstructured meshes for Maxwell’s equations were introduced by Cangellaris e a/.,”* Shankar
et al.,” McCartin et al.,”® and Madsen and Ziolkowski?’

FD-TD modeling of digital circuit interconnects and microstrips was introduced by Liang et al.,* Shibata
and Sano,”” Sheen ef al.’’ and Ko and Mittra’

FD-TD modeling of frequency-dependent dielectric permittivity was introduced by Luebbers et al.,** and
Joseph et al.

FD-TD modeling of antennas was introduced by Maloney e? al.,** Tirkas and Balanis* and Katz et a/.*®
FD-TD modeling of picosecond optoelectronic switches was introduced by Sano and Shibata®’ and
El-Ghazaly et al.*®

FD-TD modeling of the propagation of femtosecond optical pulses in non-linear dispersive media was
introduced by Goorjian and Taflove* and Ziolkowski and Judkins*

FD-TD modeling of lumped-circuit elements (resistors, inductors, capacitors, diodes and transistors) in
a two-dimensional EM wave code was introduced by Sui e al.*!

1975

1977
1980
1981
1982, 1983
1987, 1938

1987—
1987
1988—

1989
1990—

1990—
1990

1991

1992

step by time step by the action of the curl equations
analog. Self-consistency of these modeled phenomena
1s generally assured if their spatial and temporal

variations are well resolved by the space and time

sampling process. In fact, the goal is to provide a
self-consistent model of the mutual coupling of all of
the electrically-small volume cells comprising the
structure and its near field, even if the structure spans
tens of A, in three dimensions and there are tens of
millions of space cells.

Time-stepping i1s continued until the desired late-
time pulse response or steady-state behavior is ob-
served. An important example of the latter is the
sinusoidal steady state, wherein the incident wave is
assumed to have a sinusoidal dependence and time-
stepping 1s continued until all fields in the sampling
region exhibit sinusoidal repetition. This is a conse-
quence of the limiting amplitude principle. Extensive
numerical experimentation has shown that the num-
ber of complete cycles of the incident wave required
to be time-stepped to achieve the sinusoidal steady
state 1s a function of:

(1) Target electrical size. For many targets, this
requires a number of time steps sufficient to permit
at least two front-to-back-to-front traverses of the
target by a wave analog. For example, assuming

a target spanning 104, at least 40 cycles of the
incident wave should be time-stepped to approach
the sinusoidal stcady state. For a grid resolution
of 1,/10, this corresponds to 800 time steps for

FD-TD.

(2) Target Q factor. Targets having well-defined
low-loss cavities or low-loss dielectric compositions
may require the number of complete cycles of the
incident wave to be time-stepped to approach the O
factor of the resonance; because O can be large even
for electrically moderate size cavities, this can dictate
how many time steps the FD-TD or FV-TD code
must be run.

In the RCS area, target electrical size may often be
the dominant factor. Cavities for RCS problems
(such as engine inlets) tend to be open and therefore
moderate Q; and the use of radar-absorbing material
(RAM) serves further to reduce the Q factors of
structures.

4.2. Primary types

The primary FD-TD and FV-TD algorithms used
today are fully explicit second-order accurate grid-
based solvers employing highly vectorizable and
concurrent schemes for time-marching the six vector
components of the EM near field at each of the
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volume cells. The explicit nature of the solvers is

maintained by either leapfrog or predictor—corrector
time integration schemes. Second-order accurate
radiation boundary conditions are used to simulate
the extension of the problem space to infinity, thereby
minimizing error due to the artifactual reflection of
outgoing numerical wave modes at the mesh outer
boundary.

Present methods differ primarily in how the space
grid is set up. In fact, gridding methods can be
categorized according to the degree of structure or
regularity in the mesh:

(1) Almost completely structured. Space cells more
than one or two cells from the structure of interest
are organized in a completely regular manner, for
example, using a uniform Yee Cartesian mesh. Only
the cells adjacent to the structure are modified in size
and shape to conformally fit the structure surface.”*’

—Advantage: computationally efficient, because
there are relatively few modified cells requiring
special storage to locate the cells in the mesh and

- special computations to perform the field updates. In

fact, the number of modified cells (proportional to
the surface area of the structure) becomes arbitrarily
small compared with the number of regular mesh cells
‘as structure size increases. As a result, the computer
memory and running time needed to implement a
fully conformal model can be indistinguishable trom
that required for a stepped-surface model. Further,
an ultra-fast, minimal memory, Yee-like algorithm
can be used for the regular space cells.

—Advantage: mapping of the mesh onto a paral-
lel-vector computer or massively parallel computer is
straightforward.

—Advantage: artifacts due to refraction and reflec-
tion of numerical wave modes propagating across
global mesh distortions are not present. This 18
especially important for three-dimensional structures
having substantial EM coupling between electrically
disjoint sections, or reentrant regions.

—Disadvantage: geometry generation software -

for this type of meshing has not reached the mature
state achieved for other types. Considerable work
remains.

—Disadvantage: thin target surface coatings do
not conform to mesh boundaries. These are best
modeled here using surface impedances.

(2) Body-fitted. The space grid is giobally distorted
to fit the shape of the structure of interest.” Effec-
tively, a coordinate transformation between a non-
Cartesian physical mesh and a Cartesian logical mesh
1s implemented.

—Advantage: well-developed geometry generation
software is available from the CFD community.
Aerodynamic shapes appropriate for the RCS prob-
lem are nicely handled. |

—Advantage: thin target surface coatings naturally
conform to mesh boundaries.

—Advantage: mapping of the logical mesh onto
a parallel-vector ¢omputer or massively parallel
computer is straightforward.

—Disadvantage: relative to the baseline Yee
algorithm, extra computer storage must be allocated
to account for the three-dimensional position and
stretching factors of each space cell. Further, extra
computer arithmetic operations must be performed
to implement Maxwell’s equations at each cell and/or
to enforce EM field continuity at the interfaces of
adjacent cells. As a result, the number of floating
point operations needed to update the six field com-
ponents at a space cell over one time step can exceed
that of the Yee algorithm by as much as 20:1, thereby
increasing running times by the same amount with
respect to FD-TD.

—Disadvantage: artifacts due to refraction and
reflection of numerical wave modes propagating
across global mesh distortions will be present. These
errors arise because the phase velocity of numerical
wave modes propagating in the mesh is a function of
position in the mesh, as well as angle of propagation.
These artifacts are important for three-dimensional
structures having substantial EM coupling between
electrically disjoint sections, or reentrant regions,
and may limit the predictive dynamic range
(thereby limiting the ability to model low-observable
structures).

(3) Completely unstructured. The space containing
the structure of interest is completely filled with a

- collection of solid cells of varying sizes and shapes,

but conforming to the structure surface.”

—Advantage: geometry generation software
is available. This software is appropriate for
modeling extremely complicated three-dimensional
shapes possibly having volumetric inhomogenei-
ties, for example inhomogeneous radar absorbing
material. '

—Disadvantages: the same as for the body-fitted
meshes. |

—Another disadvantage: mapping of the logical
mesh onto a parallel-vector computer or massively
parallel computer is not straightforward. |

At present, the optimal choice of computational
algorithm and mesh is not obvious. Clearly, there are
important tradeoff decisions to be made. For the next
several years, we can expect considerable progress in
this area as various groups develop their favored
approaches and perform validations.

4.3. Predictive dynamic range

‘For computational modeling of the RCS of aero-
space vehicles (especially low-observable vehicles)
using space-grid time-domain codes, it 1s useful to
define a predictive dynamic range, D, analogous to
the “quiet zone” figure of merit for an experimental

‘anechoic chamber:

D = 10 log( P/ ps2tmin) decibels,
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where P™ is the power density of a modeled incident
plane wave in the space grid, and P**™? j5 the
minimum observable local power density of a mod-
cled scattered wave at any bistatic angle. At levels
lower than this the accuracy of the computed scat-
tered field degrades to poorer than 1dB (or some
other criterion).

This definition succinctly quantifies the reality that
weak, physical numerical wave analogs propagating
in the space grid exist in an additive noise environment
due to the non-physical propagating wave analogs
caused by the imperfect radiation boundary con-
ditions. In addition to additive noise, the desired
physical wave analogs undergo gradual progressive
deterioration while propagating due to accumulating
numerical dispersion artifacts, including phase velocity
anisotropies and inhomogeneities within the mesh.

Since 1982, researchers have accumulated solid
evidence for a predictive dynamic range of the order
of 40dB for the present class of second-order
accurate space-grid time-domain codes when used to
calculate monostatic and bistatic RCS. This value is
reasonable if one considers the additive noise due to
imperfect radiation boundaries to be the primary
limiting factor, since existing second-order radiation
boundary conditions yield effective reflection co-
efficients of about 1% (—40dB), with an additional
factor of perhaps —10dB provided by the normal
r~12 rolloff (in two dimensions) or r~! rolloff (in
three dimensions) experienced by the outgoing scat-
tered waves before reaching the radiation boundaries.
Figure 1 illustrates a typical result for bistatic RCS
dynamic range when using Cartesian-grid FD-TD
with automated local mesh contouring to conform to
curved target surfaces. Here, the scattering geometry
consists of two 1 4;-diameter metal spheres separated
by 1 4, air gap, and the FD-TD grid has a uniform
space resolution of 0.05 4,. The benchmark data are
provided by a quasi-analytic frequency-domain ap-
proach, the generalized multipole technique (GMT).#?

20.0
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0.0

-10.0

RCS (dB)

—20.0

FD-TD
©e000 Generalized Multipole Technique

—30.0

“4D.D [ | | | | 1 | )
¢ =1 180 270 360

Degrees

Fig. 1. Comparison of FD-TD and generalized multipole

technique data for the bistatic RCS of two 1-4 diameter

spheres separated by a 1-4 air gap, illuminated at oblique
incidence. |

Is more dynamic range needed? Certainly yes,
it a better job is to be done in modeling specially
shaped targets having low observability features. A .
good example of such a shape is the NASA almond,®
which has been demonstrated to have monostatic
RCS variations of 60 dB or more occurring over
broad angular ranges. However, going from 40 to 60
or 70dB will not be simple: We will require the

development of advanced radiation boundary con-

ditions having effective reflection coefficients of 0.1%
or better, thereby reducing this contribution to the
grid noise by 20 dB or more; and we will have to shift
to space-sampling, time-integration algorithms hav-
ing dimensionally better accuracy than the second-
order procedures common today. A 20 dB reduction
in the grid noise contribution due to dispersive effects
accumulating on propagating numerical waves 1is
needed to permit the use of grid resolutions no finer
than those of today’s algorithms.

5. SCALING TO PROBLEMS OF GREATER THAN 10°
FIELD UNKNOWNS

3.1. Why this problem size is needed

Three-dimensional electromagnetic wave inter-
action problems modeled on volumetric space grids at
the size level of 10° unknowns begin to have major
engineering applications. For example, these might
include: entire fighter planes illuminated by radar at
1 GHz and above; entire personal-computer-size
multi-layer circuit boards modeled layer by layer for
digital signal propagation, crosstalk and radiation;
and. entire microstrip circuits and antennas.

At this level, the goals are to achieve algor-
ithm/computer architecture scaling such that for N
field unknowns to be solved on M processors, we
wish to approach an order (N/M) scaling of the
computational modeling time,

5.2. Algorithm scaling factors

Is there a “best” EM computational algorithm to
approach the ideal order (N) scaling of the compu-
tational modeling time? A consensus appears to be
emerging that the class of non-matrix, space-grid

time-domain solvers has the most promise. If robust

algorithms for spatial or domain decomposition®
cannot be achieved, the class of matrix-based fre-
quency-domain methods may fade as a viable alterna-
tive because of difficult computational and error
propagation problems associated with any large
matrix, whether dense or sparse. |

Let us now consider the factors involved in deter-
mining the computational burden for the class of
non-matrix, space-grid time-domain solvers.

(1) Number of grid cells, N. The six vector electro-
magnetic field components located at each grid cell
must be updated at every time step. This yields by
itself an order () scaling.

(2) Number of time steps. A completely self-con-
sistent solution in the time domain mandates that
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numerical wave analogs propagate over time scales
sufficient to causally connect each portion of the
structure of interest. Therefore, in three dimensions,
it can be argued that the number of time steps
increases as a characteristic electrical length of the
structure and thus a fractional power function of
N such as N'”. The number of time steps must
also be adequate to march through “ring-up” and
“ring-down” times of energy storage features such as
cavities and cavity-backed apertures.
(3) Cumulative propagation errors.

Additional

computational burdens may arise due to the need for -

either progressive mesh refinement or progressively
higher-accuracy algorithms to bound cumulative pos-
itional/phase errors for propagating numerical modes
in progressively enlarged meshes. Any need for
progressive mesh refinement would feed back to
Factor 1.

It appears likely that for most RCS problems,
Factors 2 and 3 will be weaker functions of the size
of the modeled structure than Factor 1. This is
because geometrical scattering features at increasing
electrical distances from each other become more and
more weakly coupled due to radiative and other
losses acting on electromagnetic wave energy propa-
gating between these features. However, at this time
there is insufficient experience in the grid-based
modeling community with three-dimensional struc-
tures in this electrically-large size regime to provide
meaningful comment.

]

5.3. Computer architecture scaling factors

Is there a “best” computer architecture to ap-
proach the ideal 1/order(M) scaling of the compu-
tational modeling time as the number of processors,
M, increases? At present, the optimum connectivity
of multi-processors is not clear. In 1993, the following
manufacturers will offer massively parallel machines
of varying architectures having claimed peak per-
formances exceeding 100 Gflops (0.1 Tflop):

Intel: Paragon
Cray Research: MPPO
Thinking Machines: CM-5.

In addition, Cray Research continues to develop
its line of conventional general purpose vector-
~ processing supercomputers descending from the
CRAY Y-MP and C-90 machines. This will lead to
a 100 + Gflop general purpose machine, the CRAY
C-95, 1in 1994-1995.

5.4. Results to date

A number of groups have implemented large-scale
grid-based Maxwell’s equation solvers on vector-pro-
cessing and massively parallel supercomputers.>>**

Sufficient experience has been accumulated to justify

the following statements:

(1) Concurrencies very close to 100% (i.e. an
algorithm speedup factor equal to eight if the number

of available processors equals eight) have been
achieved with the CRAY Y-MP/8 under the CRAY
autotasking (automatic multitasking) compiler for
FD-TD and FV-TD. Average processing rates ex-
ceeding 1.6 Gflops were achieved for full FORTRAN
programs. Performance scaling looks excellent at
least through 16 high-performance (CRAY C-90
class) processors. |

(2) Good to very good concurrencies for FD-TD
can also be achieved using the JPL/Intel Hyper-
cube. Performance scaling looks good into the hun-
dreds of moderate-performance (Intel I-860 class)
processors.

(3) For grid-based Maxwell’s solvers, the CRAY
Y-MP and JPL/Intel Hypercube machines were much
easier to program and achieved substantially better
fractions of their peak speeds than the CM-2 Connec-
tion Machine, when the CM-2 was programmed
using the PARIS assembler.

(4) The volumetric space-grid time-domain solvers
are already more efficient than surface-patching
MoM. In one example,”*’ FD-TD was used to con-
formally model an electrically large (25 A, x 10 4, X
10 4,) three-dimensional serpentine jet engine inlet.
Here, the projected CRAY C-90 time is only 30s
per illumination angle (involving time-marching
23,000,000 vector field components over 1800 time
steps), or 1.6 days for 5000 angles. In comparison,
the standard full-matrix MoM set up a dense
matrix of approximately 450,000 equations, assuming
that the 1500 A3 area of the engine inlet is discretized
at 10 divisions per A,. The projected CRAY C-90
running time for LU decomposition and backsolve
of this matrix 1s about 4 months for 5000 angles.
Overall, the speedup when using FD-TD would be
at least 75:1, with speedup factors much larger
than this if we account for the likelihood of using
FD-TD to evaluate the inlet RCS simultaneously for
many frequencies by using an impulsive excitation

and discrete Fourier transformation of the scattered
field.

5.5. The jet fighter model

Consider again modeling a jet fighter, but now
in the context of FD-TD. Assuming dimensions of
20 x 20 x 5m for the space grid and assuming a
radar frequency of 1 GHz (4, = 0.3 m; resolution =
3 ¢m), the space grid would be of the order of 75,000
Ay (450,000,000 vector field components) and the

FD-TD central memory requirement would be about
" 1.3 Gword. This central memory size is currently

feasible with 14 billion-word memory options of the
CRAY Y-MP series. Running time on the C-90 1s
projected to be in the range 20-25 min per illumina-
tion angle. Modeling of the fighter at radar frequen-
cies of 2 GHz and higher would be possible using
well-known asynchronous out-of-core techniques
that permit I/O to and from multiple disk drives to
be performed concurrently with the floating point
operations.
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6. FUTURE DEFENSE ELECTROMAGNETICS NEEDS

Goals for computational electromagnetics model-
ing capabilities in the defense area have been and
remain driven by the design of low-observable air-
craft and nussiles. Some of these goals are now
summarized.

6.1. 70 dB predictive dynamic range

‘As noise-cancelling anechoic chambers become
more sophisticated and attain effective quiet zones
deeper than — 70 dB, it 1s desired to extend numerical
modeling capabilities to this dynamic range to bal-
ance theory and measurements. Clearly, larger pre-
dictive and measurement dynamic ranges permit
structures of lower radar cross-section to be modeled
and tested. Note that attainment of 70 dB predictive
dynamic ranges is equivalent to the ability to suppress
all sources of computational noise to amplitudes
no larger than about 10~* that of the incident
wave. This will be a very difficult challenge for any
computational electromagnetics model.

With respect to space-grid time-domain algor-
ithms, a primary challenge will occur in the area
of advanced radiation boundary conditions (RBCs).
In comparison with today’s codes, a 40-dB (100:1)
improvement is needed here in reducing the effective
reflection coefficient of the outer grid boundaries
relative to outward propagating numerical modes.
It is not clear that this will be possible without
- a fundamental advance in RBC theory or direct
numerical emulation of the noise cancellation used in
the 70-dB anechoic chambers.

6.2. Modeling of complex and composite materials

The usage of multilayer composites and cellular
materials for structural and electromagnetic purposes
in aerospace design has markedly increased. These
materials can have inhomogeneities and anisotropies
of their electric and magnetic properties at distance
scales of a few microns, the thickness of one lamina
in a composite sandwich. Further, the electric and
magnetic properties can be functions of the frequency
of radar illumination. Any conceivable electro-

magnetic analysis code will be very strongly chal-

lenged by the requirement to simultaneously model
distance scales ranging over six orders of magnitude
(from micrometers to meters) and frequencies rang-
ing over three orders of magnitude (from megahertz
to gigahertz).

In fact, it may be unfeasible in the time frame of
the next decade to successfully attack the micro-
meters-to-meters distance-scale problem by direct
modeling. Most likely, this problem will be ap-
proached by developing advanced electromagnetic
field boundary conditions applied at the surface of
complex composite media to nearly equivalence the
field physics of the underlying media without having
to refine the computational mesh beyond that used in
the air region outside. If this is the case, the problem

of modeling composite media in meshes is one
of fundamental electromagnetic theory rather than
numerical methods.

6.3. Optimization of materials and shapes for RCS

Analogous to CFD, the availability of increasingly
sophisticated and accurate numerical analysis tools
for RCS presents the possibility of optimizing target

- materials and shapes on the computer before any

models are constructed. Space-grid time-domain

‘models of scattering appear to be particularly useful

for this purpose because of their potential for con-
taining entire aircraft and their time-domain formu-
lation. The latter permits modeling a very wideband
[and even ultrawideband (UWB)] radar illumination
in a single modeling run, as well as natural

 time-windowing of the scattering response to focus

attention on the behavior of specific scattering
centers.

For example, at least one published paper®® reports
an algorithm to automatically optimize the RCS of a
structure using space-grid time-domain techniques.
The algorithm of Ref. 48 optimizes broadband
absorptive coatings for two-dimensional structures
by embedding a FD-TD forward-scattering code in
a numerical feedback loop with the Levenberg—
Marquardt (LM) non-linear optimization routine.
LM 1s used to adjust the many geometric and consti-
tutive parameters that characterize the target, while
FD-TD 1s used to obtain the broadband RCS
response for each target adjustment. A recursive
improvement process is established to minimize the
broadband RCS response over a selected range of -
bistatic angles using the available engineering degrees
of freedom. The solution is valid over the potentially
broad bandwidth (frequency decade or more) of the
illuminating pulse used in the FD-TD model.

This approach compactly treats the scatterer shape
and coating specifications as a single point in an
N-dimensional space (N-space) of geometrical and
electrical parameters. By repeatedly recalculating the
forward problem to obtain one or more figures of
merit for the near or far-field response, this method
implements a gradient-based search strategy in the
N-space to obtain locally optimum monostatic or
bistatic RCS reductions over the bandwidth of the
illuminating plane wave pulse. More globally opti-
mum searches can be conducted by seeding the
algorithm with a variety of starting points in the
N-space. The non-linear optimizer also permits
adding constraints so that the search path in the
N-space weights manufacturability and cost, and
avoids possible forbidden zones.

Figure 2 illustrates the use of this method to
synthesize an absorbing coating for a canonical two-
dimensional structure, the infinite, perfectly conduct-
ing right-angle wedge subject to transverse magnetic
(TM) illumination. As shown in Fig. 2a, the wedge
coating 1s a single homogeneous 5mm thick ab-
sorbing layer to the left and bottom of the wedge
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Fig. 2. FD-TD/LM synthesis of broadband absorbing coat-

~ings on an infinite conducting right-angle wedge, two-

dimensional™ case: (a) wedge and coating geometry,

showing the near-field observation points; (b) optimized

mitigation of the broadband scattered pulse in the far field

for bistatic angles bracketing the monostatic return,
1sotropic and anisotropic coating cases.

vertex, joined via a miter. In one case considered, the
coating 1s assumed to be 1sotropic and independent of
position, while in the other the coating is permitted
to have an anisotropy of the magnetic loss that is
dependent upon location (etther in the left or bottom
coat). The broadband illumination, a half-cycle
3.0 GHz sinusoidal pulse, is highly resolved every-
where by using a space discretization of 4,/200. LM

non-linear optimization i1s employed to minimize a .

weighted average of scattered near-field energy as
observed at the eight near-field points indicated in
Fig. 2a. From Fig. 2b, we see that the optimized
broadband bistatic RCS mitigation in the far field
(ratio of the peak scattered pulse power with coating
to the peak scattered pulse power without coating)

for bistatic angles bracketing the monostatic return is

—34 to —42 dB for the isotropic coating and —44 to
— 60 dB for the anisotropic coating.

This case was purposefully selected to represent a
coating N-space of low dimensionality, i.¢. no coating
layering was permitted. Given the simplicity of the
coating examined here, it is likely that expanding the
dimensionality of the automated search procedure
would significantly increase the broadband RCS mit-
igation, increase the range of bistatic angles mitigated
for RCS and decrease the sensitivity of the RCS
mitigation to the illumination angle.

Methods such as the above appear to be ideal
for implementation on massively parallel, multiple
instruction multiple datastream (MIMD) computers.
Here, systematic global searches of the N-space of
interest could be implemented by assigning to each of
the hundreds of processors (or groups of processors)
a specific seed, or starting point, in the N-space. The
searches could proceed independently of each other,
culminating in an optimized engineering design for
RCS.

6.4. Integrated RCS and aerodynamics design and
optimization

In principle, the above ideas can be taken a large
step further by performing simultaneous, linked mod-
eling and optimization of RCS and aerodynamic
performance, since these separate engineering goals
can strongly mutually interact and even directly
conflict. Needless to say, automated, integrated
RCS/aero design is an ambitious goal—a true grand
challenge—well worthy of the teraflop computers
and 70 dB dynamic range electromagnetic modelers
hopefully to come by the year 1997.

An interesting issu¢ here 1s: “Should we use the
same computational mesh for both the RCS model
and the aero model?”” At first glace this appears to be
desirable, since target geometry and meshing could
then be shared by both disciplines and the non-linear
optimization software would deal with only a
single geometry data base. However, it 1s less clear
that the extraordinary 70 dB dynamic range needed
by the electromagnetics model can be achieved by
“shoehorning” Maxwell’s equations into current
CFD meshes. The physics involved in the two disci-
plines - may be sufficiently difterent to mandate
a - Maxwell-specific mesh for the electromagnetics
model. The computer storage and running time of
the electromagnetics code and complexity of the
umbrella non-linear optimization software may also
factor into the choice of mesh for the electro-
magnetics model.

6.5. Target identification

An interesting observation is that the technique of
embedding a space-grid time-domain Maxwell’s
solver within a non-linear optimization algorithm,
considered above in the context of synthesizing scat-
terers having desired RCS properties, appears to be
useful in reconstructing the shape (and even the
composition) of a target from its broadband radar
signature.*
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Again, consider the FD-TD/LM non-linear optim-
ization algorithm, but with the optimizer geared to
replicate some finite measured impulsive scattering
response rather than replicate a zero desired scatter-
ing response. Now, FD-TD generates a test pulse
response for a parameterized trial target shape or
composition, the test pulse 1s compared to the

measured pulse, and an error signal i1s developed.

Working on this error signal, the LM algorithm
perturbs the original trial point in the N-space of
parameters, effectively conducting a gradient search
through this N-space. Upon repeated iterations, the
trials ideally converge to the actual target geometry
and composition. The advantage of working in the
time domain is that causality can be exploited to
permit progressive and cumulative target reconstruc-
tion as the incident pulse wavefront moves across the
target. This reduces the complexity of reconstruction
since only a portion of the target is being generated
at each iteration.

Figure 3 provides examples of the ability of the
FD-TD/LM non-linear optimization technique to
exploit causality and reconstruct a dielectric J-shaped
target from minimal two-dimensional TM near-field
data contaminated by additive Gaussian noise.*
Here, a single field observation point was assumed to
be located approximately 10 target spans from the

(b)

(c)

Fig. 3. Typical effects of Gaussian noise upon FD-TD/LM
non-linear optimization inverse scattering reconstruction
of a two-dimensional dielectric target having reentrant
features: (a) S/N =40dB, exact reconstruction; (b)
S/N =30dB, examples of imperfect reconstruction; (c)
S/N =25 dB, examples of imperfect reconstruction.

front vertex of the J-target, with the incident plane
wave pulse having a spatial width comparable with
the J-target span and headed toward the front vertex
of the J. The principal a priori information provided
to the optimizer here is the target composition:
lossless dielectric (¢, = 2.1).

Figure 3 exemplifies hundreds of FD-TD/LM re-
construction attempts where varying samples of
Gaussian noise (provided by a random number gen-
erator) are added to the simulated measured scattered
waveform (a sequence of FD-TD-generated num-
bers). Using this technique, the probability of exact
reconstruction of the J-shaped target has been esti-
mated as a function of the signal-to-noise (S/N)
power ratio. It has been found that the probability of
exact reconstruction exceeds 0.9 when S/N ratios
exceed 40 dB. For lower S/N ratios, the reconstruc-
tion process appears to degrade gracefully, as shown.

We see that space-grid time-domain Maxwell’s
solvers combined with non-linear optimizers that
exploit causality hold promise for the classic inverse-
scattering problem. Further progress awaits study of
this problem by more groups in the Maxwell’s
equations gridding community. Perhaps this will
occur in the next 5 years. |

7. FUTURE DUAL-USE ELECTROMAGNETICS NEEDS

By the mid-1990s, we will be implementing space-
grid time-domain Maxwell’s solvers on the 0.1-1
Tflop supercomputers of the day to model the radar
cross-section of entire low-observable fighter aircraft
at frequencies up to at least 2 GHz through dynamic
ranges up to 70 dB; but, perhaps of more importance
to the interests of society, we will be using these same
Maxwell’s solvers implemented on the same super-
computers to model electromagnetic wave problems
that arise in cutting-edge commercial applications.

This discussion will start with extensions of existing
commercial applications of electromagnetic wave
interactions and proceed to highly innovative apph-
cations that best represent the dual-use nature of
modeling Maxwell’s equations on large scales.

7.1. Antenna design

This area includes the design of UHF/microwave
data links for worldwide personal wireless telephony,
cellular communications, remote computing and
advanced automotive electronics (particularly car
location and navigation).

Here, we are seeing that space-grid time-domain
Maxwell’s solvers are permitting the modeling of
complicated antennas, especially those having finite
ground planes that cannot be analyzed using conven-
tional frequency-domain analyses based upon the
Green’s function technique. Key recent examples
include: - ”

(1) Maloney et al**—FD-TD models of body-of-
revolution-type monopoles and conical monopoles
over finite ground planes. Here, computed results
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for the transient reflected waveforms in the feeding
coaxial line and for the input impedances were found
to agree with measurements to better than 1%.

(2) Katz et al’*—surface-conforming FD-TD
models of two-dimensional waveguide-fed horn
antennas and horn-excited parabolic reflectors. Here,
the computed results for near-fields in the antenna
- apertures were found to agree with frequency-domain
MoM numerical data to within 1% in magnitude and
‘phase. |

(3) Tirkas and Balanis®—surface-conforming
FD-TD models of three-dimensional waveguide-fed
horn antennas. Here, the computed results for far-
field radiation patterns were found to agree very well
with measurements over a 55-dB dynamic range.

(4) Thiele and Taflove®®—in perhaps the most
complex modeling so far, the authors are construct-
ing three-dimensional FD-TD models of 6-18 GHz
- Vivaldi flares (tapered slot antennas) constructed
from three-layer circuit board. Here, both single
Hlares, double flares, quad elements comprised of
perpendicular double-flares and arrays of up to eight
quad elements are being modeled. The latter involve
the solution of up to 60,000,000 vector field un-
knowns. Results are being obtained for radiation
pattern and input impedance. The variation of the
input impedance with phasing of the array of quad
clements is also being studied.

As detailed FD-TD modeling proceeds in this area,
it 1s possible that commercial application areas
will include the design of mass-produced surface-
conforming antennas for: homes (rooftop-mounted
antennas for satellite reception); automobiles
(rooftop-mounted antennas for two-way satellite
communication, license-plate-mounted antennas for
automated collision avoidance and programmed
route-following); and laptop computers (computer-
case-mounted antennas for two-way cellular and
satellite communication).

7.2. Microwave circuits

Stripline microwave circuits, including filtering
elements and couplers, are being studied for the first
time by applying grid-based time-domain Maxwell’s
solvers. Key recent examples include:

(1) Sheen et al’®—FD-TD models of microstrip
interconnects.

(2) Ko and Mittra’'—three-dimensional FD-TD
models yielding the broadband S-parameters of
microstrip filters, couplers and hybrids. "

This work 1s leading to the modeling of microwave
and millimeter wave integrated circuits (MIMIC) in
regimes of electrical size and complexity that cannot
be handled by any existing finite-element or boundary
integral method. |

1.3. Bioelectromagnetic systems

Grid-based time-domain Maxwell’s solvers are
now being extensively applied in clinical settings for

patient-specific electromagnetic hyperthermia. This
technology uses electromagnetic absorption at RF,
UHF, or microwave frequencies to heat cancerous
tumors inside the human body, thereby rendering the
tumors more vulnerable to ionizing radiation or
chemotherapy. Recent examples of work include:

(1) Sullivan'>—three-dimensional FD-TD models
of RF hyperthermia for human patients.

(2) Piket-May et al.*>—three-dimensional FD-TD
models of UHF hyperthermia specifically tailored to
patients by using computed tomography (CT) imag-

- 1ng to establish a three-dimensional dielectric medium

data base unique to each patient’s tissue structure.

This work is leading to the routine clinical usage of
clectromagnetic hyperthermia for cancer treatment.
Time-domain solution of Maxwell’s equations on
grids 1s essential to this process because it permits
an efficient, individual modeling of each patient
to accommodate the electromagnetic field physics
unique to his or her tissue geometry and selection of
field applicators.

1.4. Packaging and metallic interconnect design for
digital circuits

This area involves engineering problems in the
propagation, crosstalk and radiation of electronic
digital pulses, and has important implications in the
design of the multi-layer circuit boards and multi-
chip modules that are widely used in modern digital
technology. Most existing computer-aided circuit
design tools (primarily SPICE) are inadequate
when digital clock speeds exceed about 250 MHz.
These tools cannot deal with the physics of
UHF/microwave electromagnetic wave energy trans-
port (along metal surfaces like ground planes, or in
the air away from metal paths) that predominate
above 250 MHz. Effectively, electronic digital sys-
tems develop substantial analog wave effects when
clock rates are high enough, and full-vector (full-
wave) Maxwell’s equations solvers become necessary
for their understanding.

Key recent examples include:

(1) Liang et al.**—three-dimensional FD-TD
modehng of picosecond pulse propagation along
co-planar waveguides above gallium arsenide.

(2) Shibata and Sano®—three-dimensional FD-
TD modeling of propagation along metal-insulator—
semiconductor lines.

(3) Lam et al.”'—three-dimensional FD-TD mod-
eling of digital signal propagation and radiation for
VLSI packaging.

(4) Maeda et al.>—three-dimensional FD-TD
modeling of digital pulse propagation through vias in
a three-layer circuit board.

(5) Piket-May et al.”>—in perhaps the most com-
plex modeling so far, the authors constructed three-
dimensional FD-TD models of sub-nanosecond
digital pulse propagation and crosstalk behavior in
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Fig. 4. Vertical cut through the four-circuit-board, three-
connector geometry showing the via pins spaced 0.1in
apart.
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modules consisting of four 22-layer circuit boards
connected by three 100-pin connectors. The entire
space was modeled with a uniform resolution of
0.004 in, permitting each layer, via and pin of the
circuit boards and connectors to be modeled. A
maximum of 60,000,000 vector field unknowns was
solved per modeling run, a factor of perhaps 600 times
larger than the capacity of the largest SPICE or finite-
element CAD tool available. Color videos of digital
signal propagation and crosstalk were constructed to
vividly illustrate these phenomena.

Figure 4 depicts the geometry of the four-board,
three-connector stack as seen in a vertical cut through
the stack. Each 22-layer circuit board is shown as a
cross-hatched horizontal slab, and each vertical via
pin (spaced at a 0.1 in interval) is shown in proper
relation to the surrounding boards and connectors.
(Recall that each 0.004 in-thick metal—dielectric layer
of each board i1s modeled.)

Figure 5 is a color plate showing the plan view of an
outwardly propagating electromagnetic wave within a

single 22-layer board generated by the passage of a
sub-nanosecond pulse down one of the via pins.
Although the relatively intense magnetic field adjacent
to the excited via (shown by the yellow color) 1s quite
localized, moderate-level magnetic fields (shown by
light blue) emanate throughout the entire transverse
cross-section of the board and link all of the adjacent

‘via pins, shown as dark dots in a diamond pattern.

The complete color video of this phenomenon shows
repeated bursts of outward propagating waves linking
all points within transverse cross-sections of the board
as the digital pulse passes vertically through the 22
metal—dielectric—metal layers of the board.

Figure 6 is a color plate showing the magnitude
and direction of currents instantaneously flowing
along the vertical cross-section of Fig. 4 for a sub-
nanosecond digital pulse assumed to excite a single
vertical via pin in the upper 22-layer board. The
currents were calculated in a post-processing step by
numerically evaluating the curl of the magnetic field
obtained from the three-dimensional FD-TD model.
The color red was selected to denote downward-
directed current, while the color green was selected
to denote upward-directed current. At the time of
this visualization, current had proceeded down the
excited via through all four boards and all three
connectors; but upward-directed (green) current 1s
seen to flow on the adjacent vias. This represents
undesired ground-loop coupling to the digital circuits
using these vias. Ironically, the far-left-hand and
far-right-hand vias showing downward-directed (red)
currents were designated by the designers of this
structure to be the ground return pins and should have
been the only pins carrying upward-directed (green)
current. In other words, this interconnection module
wound up working nearly in an opposite manner
relative to what its designers had intended.

This work is leading to the direct time-domain
Maxwell’s equations modeling of the metallic inter-
connects and packaging of general-purpose digital
circuits operating at clock speeds about 250 MHz.
From the example shown, it is clear that the analog
coupling effects for such devices can be so complex
that there may be no way to design them—no way to
make them work in a timely and reliable manner—
without such modeling.

Fig. 5. Color plate showing the plan view of an outwardly propagating electromagnetic wave within a
single circuit board of Fig. 4 generated by the passage of a sub-nanosecond pulse down one of the via
pins. Color scale: yellow = maximum, green = moderate; dark blue = negligible.
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Fig. 6. Color plate showing the magnitude and direction of currents instantaneously flowing along the

vertical cross-section of Fig. 4 for a sub-nanosecond digital pulse assumed to excite a single vertical via

pin in the upper 22-layer board. Color scale: red = net downward-directed current; green = net upward-
directed current; dark blue = negligible.

1.5. Incorporation of models of active devices

It is a short distance from modeling device packag-
ing and interconnects, as discussed above, to includ-
ing the active devices themselves. Work has begun in
this area. The best examples are:

(1) Sano and Shibata’’—incorporation of a self-
consistent drift-diffusion charge-transport model of
gallium arsenide in the three-dimensional FD-TD
solver. This work modeled picosecond-regime pulse
generation for an optically excited gallium arsenide
device.

(2) El Ghazaly et al.**—incorporation of a self-
consistent Monte Carlo charge-transport model of
galllum arsenide in the three-dimensional FD-TD
solver. This work also modeled picosecond-regime
pulse generation for an optically excited gallium
arsenide device,

(3) Sui et al.*—two-dimensional FD-TD model-
ing of lumped-circuit elements (resistors, inductors,
capacitors, diodes and transistors).

By 1995, this work will probably lead to the
incorporation of SPICE models of arbitrary linear
and non-linear circuit elements into three-dimen-
sional space-grid time-domain Maxwell’s solvers.
This will expand full-vector electromagnetic modeling
of digital interconnects to include the voltage—current
characteristics of the connected logic devices. It
should result in a virtual replacement of SPICE for
most problems involved 1n digital interconnect design
above 250 MHz.

A recently initiated 3-year cooperative program
between Cray Research and Los Alamos National
Laboratory recognizes the possibility that the design
of the digital microchips themselves will mandate
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full-vector EM modeling, especially when clock
speeds exceed 3 GHz. In this regime, wave propa-
gation and coupling effects within the chips may
render their operation just as problematic as that of
today’s circuit board modules operating at 300 MHz.

Subsequently, the Cray/Los Alamos program seeks
‘to explore Maxwell’s equations modeling of digital
chips having clock speeds well above 10 GHz. The
reasoning here is that when the logic pulse rise time
becomes comparable with the charge transport time,
existing approaches for modeling semiconductors
which assume a quasi-static formulation for
Maxwell’s equations (the Poisson equation) will no
longer have validity. In this regime, the simple circuit
concept of a digital signal toggling a transistor may
have to be considered at the most elemental level.

Namely, the digital signal and transistor actually

comprise a three-dimensional electromagnetic puise
scattering geometry: the digital signal is really a
three-dimensional propagating field distribution hav-
ing a specific temporal response and the transistor is
really a three-dimensional charge density distribution
that reacts non-linearly to the impinging electromag-
netic pulse. Self-consistent Maxwell’s equations field
transport and semiconductor charge transport mod-
eling are required to properly understand this non-
linear scattering situation.

7.6. Application to all-optical devices

Work has begun to appear on first-principles mod-
eling of the propagation and switching of femtosec-
ond optical pulses in non-linear dispersive media.
Again, time-domain grid-based Maxwell’s solvers are
being used:

(1) Joseph et al.*>—demonstrated and rigorously
validated an efficient one-dimensional FD-TD analy-
sis of femtosecond pulse propagation and reflection
effects for a linear Lorentz (resonant dispersive)
medium. This work pioneered direct Maxwell’s
equations modeling of second-order dispersion,
providing extremely accurate physics over instan-
taneous bandwidths of literally d.c. to light for
reflection coefficients and Sommerfeld and Bnllouin
impulsive precursors.

(2) Goorjian and Taflove®—demonstrated an
efficient one-dimensional FD-TD analysis of fem-
tosecond optical soliton propagation and collision in
a second-order non-linear dispersive medium. This
work obtained for the first time optical solitons from
Maxwell’s equations, with quantum physics such as
the Kerr and Raman interactions incorporated into
the Maxwell’s equations at distance scales larger than
about 10 nm. |

(3) Ziolkowski and Judkins**—two-dimensional
FD-TD analysis of femtosecond optical pulse propa-
gation and self-focusing in a first-order non-linear
dispersive medium.

Consider qualitatively the key results of Ref. 39.
Fig. 7a depicts the FD-TD computed propagation of
‘a 50fs duration infrared optical pulse observed at
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Fig. 7. FD-TD computed propagation of a 50 fs duration
infrared optical pulse observed at propagation distances of
55 and 126 um from the source in a medium having
anomalous dispersion due to a single Lorentzian relaxation:
(a) linear case, showing pulse attenuation, broadening, and
frequency modulation; (b) dispersive non-linear case, show-
ing the formation of a soliton pulse and precursor.

propagation distances of 55 and 126 um from the
source in a linear medium having anomalous dis-
persion. Note pulse broadening, diminishing ampli-
tude and carrier frequency modulation (>f, on the
leading side, <f. on the trailing side) which causes an
asymmetrical shifting of the envelope, a higher-order
dispersive effect. In Fig. 7b, sufficient non-linearity is
introduced to yield a soliton that retains its amplitude

and width when observed at the same propagation

distances as Fig. 7a. However, a low-amplitude pre-
cursor is seen to move out ahead of the soliton. The
carrier frequency of this precursor is upshifted to
approximately 3.6 times that of the main pulse.
Figure 8 depicts the Fourier spectrum of the
solitons shown in Fig. 7b. The figure shows a red
shift and sharpening of the spectrum as the pulse
propagates. This red shift is predicted due to the
Raman effect occurring as a higher-order dispersive
non-linearity modeled by the non-linear Maxwell’s

- equations solver.

Finally, Ref. 39 considers the collision of two
counter-propagating solitons. Each is identical and
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Fig. 8. Red shift of the Fourier spectrum of the propagating
soliton of Fig. 7b.

has all of the parameters of the previous case. As is
characteristic of colliding solitons, after the collisions
the pulses separate without changing their general
appearance. However, there are lagging phase shifts
due to the collision, up to 31° for the carrier in the
precursor. To illustrate this, Fig. 9 plots the space
dependence of the central part of the precursor for
the uncollided case and the collided case. Such phase
shifts, not easily detected by previous theory, may be
a basis for optical switching devices.

Unlike all previous soliton theory based upon
the pulse-envelope approach, the direct Maxwell’s
equations model of Ref. 39 assumes nothing about
the homogeneity or isotropy of the optical medium,
the magnitude of its non-linearity, the nature of its
w—p variation, or the shape or duration of the optical
pulse. By retaining the optical carrier, the new
Maxwell’s equations method solves for fundamental
quantities—the optical electric and magnetic fields in

space and time—rather than a non-physical envelope

function. Thus, it is extendible to full-vector optical
fields in two and three dimensions to permit rigorous
boundary value problem studies of non-linear vector-
wave polarization, diffraction, scattering and inter-
ference effects. This is being actively pursued.
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This work may lead to the modeling of all-optical

- digital logic devices switching potentially in 10-50 fs

at room temperature. This is about 1000 times faster
than the best transistor today and 100 times faster
than a Josephson junction operating under liquid
helium. The implications may be profound for the
realization of “optonics™, a proposed successor tech-
nology to electronics in the 21st century that would
integrate optical fiber interconnects and all-optical
processors into systems of unimaginable information
processing capability.

8. CONCLUSIONS

Supercomputers of the mid-1990s, which promise
to achieve rates from 0.1 to 1 Tflop, will permit us to
attack some “‘grand challenges’ in electromagnetics.
One such “challenge’ remains from the RCS technol-
ogy side—the airplane-in-the-grid. In fact, using the
new class of machines and the new class of space-grid
time-domain Maxwell’s solvers, it will certainly be
possible to obtain whole low-observable fighter-
airplane models in the 1-3 GHz range and jet-engine-
inlet models up to perhaps 5-10 GHz, with predictive
dynamic ranges up to 70dB. In addition, time-
domain non-linear optimization algorithms will
probably be used to achieve engineering goals with
respect to observability and aerodynamics. But, of
arguably more importance to society, the same algor-
ithms implemented on the same computers could
attack other “grand challenges” in electromagnetics:

¢ the satellite-antenna-in-the-grid;

e the cancer-patient-in-the-grid;

e the digital-microchip-module-in-the-grid;

e the microwave/millimeter wave integrated cir-
cuit-in-the-grid;

e the array-of-picosecond-transistors-in-the-grid;

e the femtosecond-all-optical-switch-in-the-grid,
etc.

I assert that ultra-large-scale solution of Maxwell’s
equations using time-domain grid-based approaches
may be fundamental to the advancement of our
technology as we continue to push the envelope of the
ultra-complex and the ultra-fast. Simply speaking,
Maxwell’s equations provide the physics of electro-
magnetic phenomena from d.c. to light and their
accurate modeling i1s essential to understand high-
speed signal effects having wave transport behavior.
Let us aim for the computational unification of:

e full-vector eclectromagnetic waves in three di-
mensions; |

e charge transport in transistors, Josephson junc-
tions and electro-optic devices;

e surface and volumetric wave dispersions, includ-
ing those of superconductors; and

e non-linearities due to quantum effects.

Fig. 9. Phase lag of the precursor pulse as a result of Then, we can attack some computational “grand

counterpropagating soliton~soliton collision.

challenges” to directly benefit our society.
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